Underwater adhesion in mussels (Bivalvia) is an extreme adaptation to achieve robust and firm wet adhesion in the freshwater/brackish/ocean, which biochemically shaped through millions of years. the protein-based adhesion has huge prospective in various fields like industry, medical, etc. Currently, no comprehensive records related to the systematic documentation of structural and functional properties of Mussel foot proteins (Mfps). In this study, we identified the nine species of bivalves in which the complete sequence of at least one adhesive protein is known. the insilico characterization revealed the specific physio-chemical structural and functional characters of each Mfps. The evolutionary analyses of selected bivalves are mainly based on Mfps, Mitogenome, and timetree. the outcome of the works has great applications for designing biomimetic materials in future.
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Signal peptide predictions of Mfps. To verify the signal peptide in Mfps, Phobius and SignaIP 5.0 server were used. Mizuhopecten yessoensis foot protein, Myfp1 V1 and V2 don't contain any signal peptide region. Except Myfp, all other proteins have the signal peptide regions (~1-20 amino acid sequences), the efficiency of protein secretion in extracellular region is highly determined by the signal peptide and also the signal peptide are extremely heterogenous in nature 16 (Table 3) . functional characterization of Mfps. Functional characterization of Mfps, FFPred 3 server analyze the protein in three different categories like biological process prediction, cellular component prediction and molecular function prediction with GO (Gene Ontology) term 17 . This is the first attempt to revealing the molecular 0  0  17  32  40  2  0   27  Mcfp11  2  2  1  2  1  8  22  33  33  5  0   28  Mcfp12  5  5  0  0  2  13  25  21  78  13  0   29  Mcfp13  1  1  2  0  2  4  6  2  25  4  0   30  Mcfp14  1  0  1  0  1  3  1  0  13  3  5   31  Mcfp15  3  0  1  0  3  7  6  1  25  5  2   32  Mcfp16  0  0  0  0  0  0  0  0  15  4  2   33  Mcfp17  2  0  5  0  2  7  7  2  28  5  0   34  Mcfp18  1  0  1  0  0  2  1  0  3  5  3   35 Atrina pectinate  Apfp1  2  0  4  0  3  10  6  0  39  9  3   36 Dreissena polymorpha  Dpfp1  0  0  0  0  0  0  2  0  105  12  0 37 Mefp1  0  0  0  0  0  0  9  0  113  11  0   38  Mefp2  10  0  10  0  4  23  2  0  74  7  17 39 Mgfp1  0  0  0  0  0  0  8  0  127  9  0   40  Mgfp3 v1  1  0  3  0  1  4  2  0  11  1  0   41  Mgfp3 v2  0  0  0  0  0  0  0  0  10  1  0 42 Mufp2  8  0  8  0  2  16  1  0  46  1  12   43  Mufp3  0  0  0  0  0  0  2  0  22  1  0   44  Mufp3 v1  0  0  0  0  0  0  3  1  17  1  0   45  Mufp3 v2  0  0  0  0  0  0  3  2  19  1  0   46  Mufp3 v3  2  0  2  0  1  4  1  0  13  1  0   47  Mufp3 v4  1  0  1  0  0  2  2  0  12  2  0   48  Mufp3 v5  1  0  1  0  0  2  1  0  11  3  0   49  Mufp3 v6  1  0  1  0  0  2  3  0  11  1  0   50  Mufp3 v7  2  0  2  0  2  6  1  0  10  0  0   51  Mufp3 v8  0  0  0  0  0  0  2  1  24  0  0   52  Mufp3 v9  2  0  4  0  2  6  1  0  14  2  0   53  Mufp3 v10  0  0  0  0  0  0  3  1  19  1  0   54  Mufp3 v11  2  0  3  0  0  5  1  0  13  1  0   55  Mufp3 v12  0  0  0  0  0  0  1  0  22  0  0 receptor activity (GO:0004872), G-protein coupled receptor activity (GO:0004930) and Peptidase inhibitor activity (GO:0030414 Atrina pectinata foot protein (Apfp1) showed the growth factor (GO:0008083) and cytokine activity (GO:0005125). Dreissena polymorpha foot protein (Dpfp1) showed the growth factor and G-protein-coupled receptor activity. In Mytilus edulis foot protein (Mefp), Mefp2, exhibit the zinc ion binding (GO:0008270) activity. Mefp2 showed the highest number of molecular functional activities comparing to the Mefp1. In Mytilus galloprovincialis foot protein (Mgfp), all proteins and their variant revealed the G-protein coupled receptor binding activity and Mgfp3 v1 and v2 showed the peptidase inhibitory activity.
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The Mytilus unguiculatus foot protein (Mufp), contains three types of protein and their variant. Mufp2 showed the transmembrane signaling receptor activity, endopeptidase activity, signal transducer activity, serine hydrolase activity, cytokine, and zinc ion binding activity. In Mufp3 and their variants exhibit the peptidase inhibitory activity and G-protein coupled receptor activity. All proteins and their variables in Mufp6 showed the cytokine activity. Mufp6 and their variant like v3 and v9 exhibit the zinc ion binding activity. Except for Mufp6, all variants showed the cytokine receptor binding activity.
Mizuhopecten yessoensis foot protein (Myfp), showed the DNA binding (GO:0003677), cytoskeleton protein binding (GO:0008092) and nucleic acid binding (GO:0003676) activities. The Myfp1 v2 showed the sequence-specific DNA binding transcription factor activity. The Perna canaliculus foot protein (Pcfp), the fp1 have four variants and all variants showed the poly (A) RNA binding (GO:0044822) except Pcfp1 v1. Perna viridis foot protein (Pvfp), each protein has unique molecular functions. The Pvfp1 v1 and Pvfp6 showed the G-protein coupled receptor binding activity. Glycosaminoglycan binding (GO:0005539) activity observed in Pvfp1 v2. The variants like fp3 and fp5 exhibit the zinc ion binding activity. chemical structural evaluation of Mfps. Amino acid compositional analysis of Apfp1, the major amino acid composition is lysine (15.3%) and proline (15.1%). Most of the amino acid in neutral charge and with positive charge clusters from 121 to 146, (KKPPVYKPKKPVYKPKKRPAYKPKKK), mixed and negative charge clusters are absent in Apfp1. Core block tandem repeats like PPVD, KPPV and PDYKP repeated two times and YKPKK repeated three times. Dpfp1 showed the highest abundance of proline (22.3%) and tyrosine (14.9%), the charge cluster analysis revealed the absence of positive, negative and mixed charge clusters in Dpfp1. tandem repeated blocks, FTTK, PVYPT, PVYPY, PVYPP, PEYP repeated two times and a four-times repetition of PVYP are also observed.
Mcfp1 v1-23.6 % of amino acid contributed by proline and followed by tyrosine (18.7%). And the absence of specific charge clusters like positive, negative and mixed. Interestingly the presence of 66 copy repetition of YK.K...YPP. the element from location 82-741. Comparing to the first variants of Mcfp1, the v2 was identified as 23.2% of proline and followed by lysine (20.1%) and tyrosine (18.6%). Same as the v1, v2 doesn′t contain Mufp3 v13  3  0  3  0  1  6  1  0  14  1  0   57  Mufp3 v14  0  0  0  0  0  0  1  0  21  4  0   58  Mufp6  3  0  3  0  0  6  0  0  24  2  0   59  Mufp6 v1  4  0  3  0  1  9  0  0  14  4  0   60  Mufp6 v2  1  0  3  0  1  5  3  0  19  5  0   61  Mufp6 v3  2  1  2  0  0  5  3  1  18  3  0   62  Mufp6 v4  2  1  2  0  0  5  4  2  17  1  0   63  Mufp6 v5  2  1  2  0  0  5  4  1  16  2  0   64  Mufp6 v6  1  0  1  0  0  2  2  0  20  5  0   65  Mufp6 v7  1  0  1  0  0  2  3  0  12  2  0   66  Mufp6 v8  1  0  1  0  0  2  4  0  10 www.nature.com/scientificreports www.nature.com/scientificreports/ any charge clusters. The KKSYPPAYK tandemly repeated four times and also 60 copies of YK.K...YPP. periodically present in-between location 82-681 of Mcfp1 v2. Mcfp2 contained the highest amount of cysteine (14.4%) and followed by glycine (13.5%). Absence of charge clusters and PCKN tandemly repeated five times. In Mcfp3 contained 11 variants, the highest abundance of glycine (18.2%) present in first variants (v1) and followed by tyrosine (15.2%). YPRG repeated two times and without any charge clusters. Glycine (17.6%), tyrosine (14.7%) is the abundant amino-acid present in v2, and this variant doesn′t contain any charge clusters. GWNK is the only tandem repeats present in v2, and it repeated by two times. The highest abundant amino acid in v3 is glycine (20.5%) and tyrosine (17.9%). This variant doesn′t contain any tandem repeated blocks and charge clusters. Tyrosine composition in each variant like v4, v5, v6, v7, v8, v9, v10 and v11 is 19.2, 19.2, 16.2, 18.7, 17.4, 15.9, 15.9, 15 .9% respectively. And these variants don′t show any tandem repeated regions and charge clusters. Mcfp4 contained two variants, tyrosine content same in both variants (2.2%). Histidine is the most abundant amino acid in both variants, v1 (23.0%) and v2 (23.8%). Negative charge cluster region in v1, sequence from 486-536 and 565-628 (DLSNDLHPDNNIEQIANDHVNDIAQSTDGDINDFADTHYNDVA PIADVHVD) but in v2, the negative cluster range from 526-576 and 599-668 (DLSNDLHPDNN IEQIANDHVNDIAQSTDGDINDFADTHYNDVAPIADVHVD). HRHVH is the tandemly repeated six times in v1 and HVHRH tandemly repeated three times in v2 and also 39 copies of H.HVH.H.VL periodic element present in between 50-439. Tyrosine (20.8%) is abundantly present in Mcfp5 and also the presence of positive charge clusters from 53-89 (KGKYYGKGKKYYY KYKRTGKYKYLKKARKYHRKGYKK). In Mcfp6, 3 variants are currently reported. The abundancy of tyrosine in each variant is v1(18.2%), v2 (16.5%) and v3(15.5%), and the three variants don′t contain any charge clusters. Mcfp7 v1 and v2 are almost same amino acid compositions, and also showed the same chemical structural characterizations. The tyrosine amount is 10.2% in v1 and 9.2% Two fps reported in Mefp, comparing both variants tyrosine abundantly present in Mefp1 (18.2%) and Mefp2 (7.3%). The tandem repeat distribution in fp1 is PVYKP (two times), YKPKI (four times) and in fp2, GKTGYKC (two times), KPNPC (seven times), NACKPN (five times), VCSPNP (five times) and KPNPC (three times). And these variants don′t contain any charge clusters.
Sl. No Bivalve Variant
Signal Peptide Prediction www.nature.com/scientificreports www.nature.com/scientificreports/ The three-foot proteins reported in Mgfp (Mgfp1, Mgfp3 v1, and v2). Tyrosine abundance same in both variants of fp3 (14.3%) and in fp1 is 19.0%. Absence of tandem repeats in the fp3 v1 and v2, tandem repeats in fp1 is TYKPKPSYPATYKSKSSY (three times) and TYKPKPSYPAT YKSKSSYPSSYKPKKTY (three times). The charge clusters are absent in Mgfps.
In Mufp, major foot protein is fp2, fp3 (15 variants) and fp6 (ten variants). Amino acid composition in fp2, lysine is the most abundant (14.1%) and followed by cysteine (13.4%). This protein contained negative charge clusters from 18-37 (TAPTTQYDDDEDDYKPDTAY) and tandem repeats are KPNPC (4 times). In fp3, glycine (20.8%) is the most abundant amino acid and followed by tyrosine (18.2%) and this protein doesn't contain any specified charge clusters and tandem repeated blocks. The variants of fp3 (v1 to v14), glycine is the most abundant amino acid present in each variants v1 (20.5%), v2 (20.5%), v3 (15.2%), v4 (20.5%), v5 (20.5%), v6 (19.5%), v7 (20.5%), v8 (21.8%), v9 (20.5%), v10 (20.5%), v11 (20.0%), v12 (20.5%), v13 (22.5%) and v14 (20.8%). The tyrosine composition in each variants is v1 (19.2%), v2 (19.2%), v3 (13.6%), v4 (19.2%), v5 (17.9%), v6 (19.5%), v7 (16.7%), v8 (14.1%), v9 (17.9%), v10 (12.8%), v11 (16.2%), v12 (17.9%), v13 (7.5%) and v14 (15.3%). These variants don't contain any specified charge clusters and tandem repeated blocks. Interestingly tyrosine (19.7%) abundantly observed in fp6 and followed by glycine (12.3%). Specified charge cluster absent in this protein and the tandem repeated sequences is NCNSYAGCCL (repeated 2 times) and YCTNKGC (2 times). Fp6 has 9 variants (v1 to v9), tyrosine is the most abundant amino acids in each variant in order to v1 (19.5%), v2 (21.1%), v3 (19.5%), v4 (20.3%), v5 (20.3%), v6 (19.5%), v7 (19.6%), v8 (21.6%) and v9 (20.8%). Perfectly matched tandem repeated blocks present in variants like v2 -RGYC (two times) and v5 -RGYC (two times). And charged cluster is absent in all variants of fp6.
Two variants present in Myfp1, threonine (37.4%) is most abundantly present in v1 and in the case of v2 is glycine (26.9%). The tyrosine concentration in each variant is v1 (0.4%) and v2 (4.0%). Only v2 contained the mixed charge clusters from 2-24 (DAGFEALKKIIVRMDETERY KRR). The specified tandem repeated blocks in v1 is TSQTDT (nine times), TDTTQN (ten times), TDTTQNT TSQ (five times), QNTTSQ (eight times), NTTSQT (nine times), TSQTDTR (three times), TSQTDTT (five times), RQNTTP (nine times), DITQN (two times) and TSQTDTK (two times). In the case of v2, YGLG (seven times), YGLGQSPG (six times), YGLGQSPGTGYWLGQ SPGTG (four times) and YGLGQSPGTGYWLGQSPGTGYGLGQSPGTVYGLGQSPGTGYWL G (three times).
Under the Pcfp1, currently four variants are reported (v1 to v4). The most abundant amino acid in v1 is lysine (23.4%), and in other v2 (lysine-23.4%), v3 (lysine-24.3%), v4 (24.2%). The tyrosine abundancy in each variant is v1 (20.2%), v2 (20.1%), v3 (21.0%) and v4 (20.9%). Tandem repeated elements in v1-KPYV (88 times), v2-KPYV (87 times), v3-KPYV (91 times) and v4 -KPYV (87 times). And this variant doesn't contain any charge clusters.
In Pvfp, currently available major foot protein is fp1, fp3, fp5, and fp6. Two variants present in fp1, proline (19.6%) is abundantly present in v1 and followed by alanine (18.7%) and in v2-proline (19.5%) and then alanine (18.6%). The tyrosine level in v1 is 1.4% and in v2 is 1.6%. The tandem repeated blocks in v1 are HPPSWTAWIA (4 times), WTAWKAHPPAWTAWK (5 times), PPPAWTAWK (8 times), GKPGKPG (3 times) and www.nature.com/scientificreports www.nature.com/scientificreports/ PPPAWTAWKATLKPWTAWKATPKPW TAWKATPKPWTAWKATPKPWTAWK (3 times). PPPAWTAWK (9 times), GKPG (4 times) and PPAWTAWKATPKPWTAWKAP (4 times) are the tandem repeated block present in v2. Both variants don't contain any charge cluster regions. In fp3, cysteine (15.7%) is the most abundantly present amino acid and followed by phenylalanine (8.6%). 4.3% of tyrosine present in fp3 and absence of specified charge cluster regions and tandem repeated blocks. Cysteine (16.5%) is the most abundant amino acid in the fp5 and tyrosine abundancy is 14.2%. The tandem repeated sequence is GYYGKNCQ (2 times), TCKC (2 times) and CLNGG (2 times) and without any charge cluster regions. Cysteine (13.9%) is the most abundant amino acid present in fp6 and followed by glycine (10.7%) and also the presence of 6.6% of tyrosine. Fp6 without any specified tandem repeated blocks and charge clusters.
The amino acid composition of each Mfps, glycine, and lysine are the major component of the Mfps other than tyrosine (Detailed data in Supplementary File S4). Recently discovered as multiple pairs of Dopa-lysine contribute to the critical underwater adhesion 5, 6, 14, 18 . The polymorphism in Mfps, may indicated as the versatility of adhesion as variety forms of an adhesive protein can interact the various surfaces. physiochemical characterization of Mfps. Expasy protparam server revealed the physio-chemical properties of each protein ( Table 3 and Fig. 3 ). This server helps to the grouping of Mfps, the all Mfps half-life more than 10 hours in E.coli and >20 hours in yeast. In Comparing the fp1 and fp2 of Mefp, only some slight difference is observed. The pI and AI of fp1 and fp2 almost similar. But the fp2 (54459.22 D) is higher molecular weight protein comparing to fp1 (6467.22 D). The hydropathicity nature of fp1 (−1.280) is higher than fp2 (−0.896).
The Mufp is the highly polymorphic group, the highest pI value observed in Mufp3 v3 (10. Comparing the all Mfps, instability index of four variants of Pcfp1 is negative (v1= −10.03, v2= −9.97, v3 = −10.61 and v4 = −10.38) and the AI is high (v1 = 65.96, v2 = 65.90, v3 = 66.83 and v4 = 66.60). Molecular weight is higher in v1 (51565.91) and lower in v4 (46301.65). Both v1 and v2 share the same hydropathicity nature and also in the case of v3 and v4. In Pvfp, the 2 variants of fp1 (v1 and v2) share the same physiochemical natures. Comparing the other fps, fp3 (0.260) and fp6 (0.102) is polar nature protein because the GRAVY value is positive in nature. Except for fp3 (44.26) , other variants are highly stable because of the II is below 40.
The physiochemical structural and functional characterization of all Mfps is the first time. All protein is hydrophobic nature but except the Pvfp3 and Pvfp6 is polar but it is hydrophobic nature. In Mytilus sp. Mfp-3f is polar but hydrophobic nature, the protein may play vital role in metal and mineral surface adhesion 7,18,19 . ion ligand binding sites of Mfps. Understanding the general properties of the ligand-binding ability of the protein sites is the great importance to understand the functional diversity of the Mfps. One of the fundamental features of the Mfps receptor surface is the set of amino acids available for interactions with ligands. The stabilization and interlinking of Mfps mainly mediated by metal ions, by divulging the metal and acid radical ion binding ability helps to understanding the functional diversity of Mfps. (Detailed predicted binding residues (s) of each Mfps provided in Supplementary File S5).
Foot protein: Apfp1, mainly 3 ligand binding sites were identified in this protein i.e., Zn 2+ , Ca 2+ and Na + . Among these ligand binding sites; 67 sites are available for zinc-binding and followed by 22 sites for sodium binding and three amino acid sites for calcium (I249 E255 E341). Except for calcium, the zinc and sodium bind to the tyrosine and they may associate with DOPA to help them interlinking. No binding site detected for the following ions:(Cu 2+ , Fe 2+ , Fe 3+ , Mg 2+ , Mn 2+ , K + , CO 3 www.nature.com/scientificreports www.nature.com/scientificreports/ binding site detected for the following ions:(Fe 2+ , Fe 3+ , Mg 2+ , CO 3 2− , NO 2 − , SO 4 2− , PO 4 3− ). Comparing the two variants of Mcfp1, the v2 contained different ligand binding sites such as Zn 2+ , Cu 2+ , Ca 2+ , Mn 2+ , K + and Na + . The metal ion Na + is mostly preferring the v1 and the Zn 2+ prefers the v2.
Mcfp2: in the foot protein only two metal ion binding sites are present and also one acid radical ion sites also detected. Comparing the Zn 2+ and Na + metal ion binding sites, Zn 2+ (~221 sites) is widely distributed or binding the most of the regions and followed by Na + (~103 sites) and Ca 2+ (97 binding sites). The Zn 2+ , Na + and Ca 2+ randomly bind the different amino acids present in the protein. The acid radical ion, SO 2− binding site: K206 R220 P221. No binding site detected for the following ions:(Cu 2+ , Fe 2+ , Fe 3+ , Mg 2+ , Mn 2+ , K + , CO 3 2− , NO 2 − , PO 4
3−
). The Mcfp3 contained 11 variants, each variant contained unique ligand binding sites were identified. In v1, mainly three metal ion binding sites and two acid radical ions were detected. The metal ion binding sites are, Zn 2+ binding site (11 sites ). Mcfp6 contained three fps variants, the first variant v1contained 37 binding sites for Zn 2+ and followed by Fe 3+ binding site (three sites): S32 Y79 N113, Na + binding site (18 sites): K34 C36 R37 G39 Y40 A64 C67 R75 P87 D88 F107 N108 C109 S111 Y112 N113 C115 C116, and acid radical SO 4 2− binding site (six sites): S22 N45 C49 Y51 G52 S53. No binding site detected for the following ions:(Cu 2+ , Fe 2+ , Ca 2+ , Mg 2+ , Mn 2+ , K + , CO 3 2− , NO 2 − , PO 4
). The v2, 35 binding sites for Zn 2+ and followed by Na + binding site (14 sites): C36 R37 G39 Y40 A64 C67 N75 P87 Y107 D108 C109 S111 Y112 N113 and acid radical ion SO 4 2− binding site (six sites): F11 I13 T14 C17 G18 I19. No binding site detected for the following ions:(Cu 2+ , Fe 2+ , Fe 3+ , Ca 2+ , Mg 2+ , Mn 2+ , K + , CO 3 2− , NO 2 − , PO 4 3− www.nature.com/scientificreports www.nature.com/scientificreports/ radical CO 3 2− binding site (two sites): N130 R131. No binding site detected for the following ions:(Cu 2+ , Fe 2+ , Mg 2+ , Mn 2+ , K + , NO 2 − , SO 4 2− , PO 4 3− ). The Mufp3, 20 amino acid residues showed the ability to bind the Zn 2+ metal ion and Na + binding site (two sites): Y47 Y50. No binding site detected for the following ions:(Cu 2+ , Fe 2+ , Fe 3+ , Ca 2+ , Mg 2+ , Mn 2+ , K + , CO 3 2− , NO 2 − , SO 4 2− , PO 4 3− ). The variants of fp3, the v1 and v2 had only metal ion binding ability but the v3 showed other than metal ion binding ability, also showed acid radical ion binding. The ligand-binding sites of v1 and v2 are almost similar. The metal ion binding sites of v1: 23 sites were available for Zn 2+ binding and followed by Ca 2+ binding site (10 sites): Y29 N39 Y42 Y43 Y45 N46 G47 G50 W57 W61 and two sites available for Na + binding (Y48 Y51). No binding site detected for the following ions:(Cu 2+ , Fe 2+ , Fe 3+ , Mg 2+ , Mn 2+ , K + , CO 3 2− , NO 2 − , SO 4 2− , PO 4 3− ). v2, contained 20 sites for Zn 2+ binding and followed by 13 sites for Ca 2+ binding and two binding sites for Na + binding site (Y48 Y51). No binding site detected for the following ions:(Cu 2+ , Fe 2+ , Fe 3+ , Mg 2+ , Mn 2+ , K + , CO 3 2− , NO 2 − , SO 4 2− , PO 4 2− ). v3, Zn 2+ binding site (12 sites): N3 Q21 D23 Y28 N32 Y38 K39 R47 Y50 W52 W56 W61, Mg 2+ binding site (three sites): G62 R63 K64, Mn 2+ binding site (three sites): A11 L14 I15 and acid radical CO 3 2− binding site (two sites): I6 L10. No binding site detected for the following ions:(Cu 2+ , Fe 2+ , Fe 3+ , Ca 2+ , Na + , K + , NO 2 − , SO 4 2− , PO 4 3− ). The ligand-binding sites of other variants of fp3 shared the similar ligand-binding sites. In v4, 25 binding sites are predicted in the case of Zn 2+ metal ions and followed by the Ca 2+ ). In v8, 19 predicted sites for Zn 2+ , and followed by Mg 2+ binding site (two sites): Y51 K62, Na + binding site (three sites): Y42 Y48 Y51. No binding site detected for the following ions:(Cu 2+ , Fe 2+ , Fe 3+ , Ca 2+ , Mn 2+ , K + , CO 3 2− , NO 2 − , SO 4 2− , PO 4 3− ). The v9, showed the five different metal ions has the ability to bind this protein (Zn 2+ , Ca 2+ , Mn 2+ , Na + , and K + ). 20 amino acid residues capable to bind the Zn 2+ metal ion and followed by Ca 2+ binding site (three sites): W57 N58 W61, Mn 2+ binding site (three sites): I6 L9 L10, Na + binding site (two sites): Y48 Y51. K + binding site (six sites): L12 L14 N39 N46 W57 K59. No binding site detected for the following ions:(Cu 2+ , Fe 2+ , Fe 3+ , Mg 2+ , CO 3 2− , NO 2 − , SO 4 2− , PO 4 3− ). In v10, 17 sites for Zn 2+ binding and two sites for Na + binding (Y48 Y51). No binding site detected for the following ions:(Cu 2+ , Fe 2+ , Fe 3+ , Ca 2+ , Mg 2+ , Mn 2+ , K + , CO 3 2− , NO 2 − , SO 4 2− , PO 4 3− ). The v11 contained 21 sites for Zn 2+ binding and followed by five sites for Ca binding (G56 N58 G60 N62 W66), four sites for Na + binding (Y48 Y51 G72 N73). No binding site detected for the following ions:(Cu 2+ , Fe 2+ , Fe 3+ , Mg 2+ , Mn 2+ , K + , CO 3 2− , NO 2 − , SO 4 2− , PO 4 3− ). In v12, showed the 22 sites for Zn 2+ binding, and followed by other elements like Ca 2+ binding site (three sites): L17 V20 A24, Mg 2+ binding site (two sites): Y48 Y51, Na + binding site (two sites): Y48 Y51, K + binding site: L17 V20 A24, and acid radical CO 3 Foot protein (Pvfp), a total of five different types of proteins present under the Pvfps, among the five two proteins are the variants of fp1. The ligand-binding characterization of these proteins showed distinct characteristic features. In fp1 v1, contained 38 sites for Zn 2+ , two sites for Fe 3+ binding (H547 H549), two sites for Ca 2+ binding (D517 E528), five sites for Mg 2+ binding (G525 K526 G548 G550 A559) and four binding sites for Na + (P443 G548 H549 W551). No binding site detected for the following ions:(Cu 2+ , Fe 2+ , Mn 2+ , K + , CO 3 2− , NO 2 − , SO 4 2− , PO 4 3− ). In fp1 v2, 27 binding sites for Zn 2+ , two sites for Fe 3+ binding (H417 H419), two sites for Ca 2+ binding (P123 K124) and five binding sites for Na + (M5 P33 G418 H419 W421 ). The catechol containing polymers and peptides has the ability to bind various metal ions like Zn 2+ , Cu 2+ , Fe 3+ , Ca 2+ , Mg 2+ , Mn 2+ , Na + and K + and acid radical ions, CO 3 2− , NO 2 − , SO 4 2− and PO 4 3− . The overall analysis most of the foot proteins showed the Zn 2+ and Na + metal ion binding ability and only few Mfps have the ability to bind acid radical ions.
Unbosoming the emergence of Bivalvia: Perspectives on mitogenome, TimeTree, and Mfps. The Bivalvia evolution is very complex in nature, the evolution of Bivalvia starts from Cambrian periods 3 . The bivalve origins, evolution of their phenotype and functional divergence of Mfps is largely remained unresolved. Evolutionary pattern of byssus thread producing Bivalvia in different perspectives revealed the functional divergence and speciation pattern.
Mitogenome -phylogenetic construction analysis of bio-adhesive producing bivalves.
The complete mitochondrial genome sequence analysis revealed the mitochondrial genome evolutionary pattern in the byssus thread producing bivalves. Based on the mitochondrial genome evolution, the speciation of all Mytilus species is from the same clad but interestingly founded that Perna perna is also originated from the speciation node of Mytilus. In the genus of Perna, currently, three living species only exist, the stem branch of P. canaliculus and P. viridis is entirely separated from P. perna. The monophyletic origin of mitogenome initially separated into two branches. The one branch contained three species of Bivalvia, with entirely different order taxa, the D. polymorpha under the order Myoida and another are Mytiloida (P.canaliculus and P.viridis). And another set of clad, the first separated taxa is Pectinoida and then followed by Ostreoida and Myoida. The Ostreoida is closely resembling the mitogenome of Mytiloida. Among the Mytilus species, the M.galloprovincialis is the first originated species and it is the ancestor of all other Mytilus sp. and P.perna also. The M.unguiculatus and M.californianus is existed in the same clad.
Phylogenetic speciation based on the mitochondrial genome, primitive to recently evolved byssus thread producing bivalve: (Fig. 4F). timetree of bivalvia. The evolutionary TimeTree of life (TTOL) it helps in understanding the origin and diversity of life forms. The clock like changes analysis, tracing out the speciation and diversification process and events. The diversification of Bivalvia order, TimeTree analysis interestingly revealed the ancestors of byssus thread producing bivalves. The evolution of Bivalvia starts from the Cambrian period (523 MYA), the first diversification/speciation (clad separation) occurred in the starting period of Ordovician (488 MYA). The majority of diversification observed from the Ordovician period. Nuculanoida order is the ancestral group, because without any diversification (clad separation) and followed by Limoida. The byssus thread producing bivalves mainly under the four orders ie, Myoida, Mytiloida, Ostreoida, and Pectinoida. The Myoida is the first diversified group (~465 MYA), evolutionarily it diverged from Mytiloida (~453 MYA). The other stem branch of Mytiloida, the diversification occurred in the Devonian periods, Ostreoida (~398 MYA) is the first diversified group comparing to the Pectinoida (~ 378 MYA). The Bivalvia evolutionary diversification analysis fascinatedly founded that only these two orders (Ostreoida and Pectinoida) are diversified during the Devonian period. After the major extinction (251 MYA), during the starting age of the Triassic period, diversification of Trigonioida and Unionoida has occurred, these are the latest evolved groups in Bivalvia (Fig. 4A ).
In the case of Mytilidae time tree analysis, about 387 MYA, the initial diversification of Mytilidae started. During the Jurassic period, ~172 MYA, the genus of Mytilus and Perna is separated from the Perumytilus and (Fig. 4B-E) .
The mitochondrial genome revealed the fascinating key of Mfps producing Bivalvia origin, M.galloprovincialis is the first evolved Bivalvia then followed by M.californianus. But, in the case of TimeTree analysis, the first evolved Bivalvia is D.polymorpha, it is an brackish/fresh water forms, then followed by M.califroninanus. Both mitogenome and TimeTree revealed the second evolved form is M.californianus. The natural selection behavior, molecular evolutionary clock speciation indicated as the fresh/brackish form bivalve is the first evolved form, is evidently supported by the Bivalvia taxa evolution and diversification. Contradiction outcome observed in the mitogenome analysis, under the natural selection pressure is marine bivalve to brackish/fresh aquatic forms of species diversification raised. The mitogenome is an important potential target of natural taxa selection spread across the gradients of the ecosystem 20 . The bivalve spread in the costal belt habitats with dynamic changes such as temperature fluctuation, salinity, dissolved oxygen, desiccation, UV-radiation and exposure to chemical pollutants etc., which can induce oxidative stress to them 21 (Fig.5) .
The evolutionary and environmental forces equally blend together to tune the unique constitution, magnitude and function of each proteins in the adhesive secretion. The functional property of each protein in root, stem, thread and plaque of byssus thread are highly predisposed and extremely intricate 2, 4, 23 . The evolutionary lineage of Mfps revealed the sedentary mode of life style preference of an adult organisms. The Mfps property determined by the geographical habits of the organisms. These byssus threads producing bivalves is randomly distributed all over the world, each geographic zone has the specific dynamic characters are presents, in the case tidal power, salinity, temperature, wave actions etc. Based on this property the evolution and functional divergence of Mfps may evolved. The evolutionary divergence of Mfps producing bivalve, M.edulis is showed the highly complex geographical distribution pattern. The geographical distributional pattern of Mytilus sp. are widespread that exhibit an anti-tropical distribution with M.edulis, M.californianus, and M.unguiculatus occurring in the Northern Hemisphere and M.galloprovincialis distributed in Northern and Southern Hemispheres 24 . The geographical distribution of Perna sp. is mainly occurred in the tropical zone. P. canaliculus is randomly distributed in Southern temperate region ( Fig. 6 and Supplementary data S1- Table 1 ).
By analyzing all Mfps, the fp3 and then followed by fp5 and fp6 is the evolutionary lineage of foot proteins in selected bivalves species (all Mytilus sp. except M.edulis fp3 is not available) except P.viridis. Because the fp3,5 and 6 are predominantly found in plaque region of the byssus threads and it contribute to the wet adhesion 2 . It can be easily concluded that in all byssus thread producing bivalves, fp3 is the ancestor of all other existing Mfps and the wet adhesion property is the core phenomena of all Mfps. In Perna sp. first evolved Mfps is fp1, they actually provide the hydrophobic nature and act as protective varnish layer 25 . Comparing to the all Mfps, the fp1 and fp2 is the last evolved Mfps, because the fp1 mainly act as protective functions and fp2, provide the structural integrity to the adhesive plaques 14 . After the fp1, fp5 and followed by fp3 and fp6 is the evolutionary lineages of wet adhesive property of Mfps in Perna sp. except fp3, the fp5 has the specialized mechanism for ability to bind into the calcareous mineral substrate. Fp5 contained the phosphoserine, the post translational modification of phosphoserine gives the ability to bind calcareous materials. The fp5 is the first produced foot protein by P. viridis for surface water replacement and then followed by fp3 and fp6 it gives the stability to wet adhesion 13 . Mfps revealed functional evolutionary origin characterization and speciation of Perna sp 26 . The Darwin natural selection pressure is observed in the expression of Mfps diversification because the Mfps is played a vital role in wet adhesion and helps to development of the sedentary mode of lifestyle. The natural selection depends on the environment and requires existing heritable variation in a group. This is the first report of the phylogeny construction of all available Mfps and evolutionary analysis based on the functional divergence. conclusion This is the first report by using the insilico methods to evaluate the physiochemical structural and functional characterization of all available Mfps revealed the unique characteristic features of each mussel foot proteins (Mfps). Required more than a thousand mussels for each Mfps extraction and characterization from different species of mussels in the aim of creating strong adhesives materials. In this works highlighted the several biochemicals, molecular, structural and functional features of the Mfps, these results help to the future development of bio-adhesives in different perspectives. We are not only revealed the bio-adhesive property of Mfps and also 
Materials and Methods
Datasets. Bivalve Mfps (mussel foot proteins) sequences in FASTA format were retrieved from the NCBI protein database (August 2019) (http: www.ncbi.mlm.gov/protein). Selection criteria are mainly based on Mfps producing bivalves in which the complete sequence of at least one adhesive protein is identified.
Molecular modeling. The MUSTER algorithm used for protein modeling 10, 27 . This server (https://zhanglab. ccmb.med.umich.edu/MUSTER/) analyzes the previous sequence profile-profile alignment (PPA) method and the best template used for the homology modeling of Mfps. The models were evaluated in PROCHECK 27, 28 and PDBsum server 12, 27 , and the visualization of the protein model in PyMol 27 and EzMol 2.1 29 .
Signal peptide prediction. Phobius (http://phobius.sbc.su.se/) 30 
